Activity-dependent gene expression mediating changes of synaptic efficacy is important for memory storage, but the mechanisms underlying gene transcriptional changes in age-related memory disorders are poorly understood. In this study, we report that gene transcription mediated by the cAMP-response element binding protein (CREB)-regulated transcription coactivator CRTC1 is impaired in neurons and brain from an Alzheimer's disease (AD) transgenic mouse expressing the human ␤-amyloid precursor protein (APP Sw,Ind ).
Introduction
Gene expression changes in the forebrain occur during normal and pathological aging. Altered gene expression is thought to contribute to the balance between normal aging and age-related memory disorders, including Alzheimer's disease (AD) (Coleman and Yao, 2003; Berchtold et al., 2008) . Synaptic dysfunction in AD is apparent before synapse and neuron loss and caused likely by accumulation of ␤-amyloid (A␤) peptides (Selkoe, 2002) . The cellular mechanisms underlying synaptic and memory dysfunction caused by altered activity-dependent gene transcription in AD are largely unknown. Understanding the molecular pathways regulating gene expression profiles in memory disorders may allow the identification of new signaling pathways for drug discovery (Altar et al., 2009 ).
Activity-induced gene transcription mediates long-lasting changes of synaptic efficacy essential for neuronal plasticity and memory (Worley et al., 1993; Guzowski et al., 2001; Kandel, 2001) . Thus, gene expression mediated by the transcription factor cAMP-response element binding protein (CREB) is essential for synaptic plasticity and long-term memory (Bourtchuladze et al., 1994; Won and Silva, 2008) . CREB transcriptional activation depends on calcium-and cAMP-dependent phosphorylation of CREB at Ser133 (Sheng et al., 1991; Mayr and Montminy, 2001 ), a process mediated by L-type voltage-gated calcium channels (VGCCs) or glutamate ligand-gated receptors (NMDA and AMPA) (Murphy et al., 1991; Cohen and Greenberg, 2008) . Interestingly, altered cAMP/PKA-dependent CREB signaling has been postulated to mediate the effect of A␤ on hippocampal synaptic plasticity, memory, and synapse loss (Vitolo et al., 2002; Gong et al., 2006; Smith et al., 2009) .
Selective gene transcription by CREB depends on additional events, including other phosphorylation sites and recruitment of specific coactivators. The CREB-regulated transcription coactivators (CRTCs, also known as TORCs) regulate biological events by integrating cellular signals into gene transcriptional responses. Three members of the CRTC family involved in CREB activation (CRTC1, CRTC2, and CRTC3) have been described in mammals (Iourgenko et al., 2003; Ravnskjaer et al., 2007) . In non-neuronal cells, selective expression of CREB target genes in response to cAMP and Ca 2ϩ signals, but not by stress stimuli, is achieved by cooperative interaction between CRTC2 and CREB binding protein (CBP)/p300 (Conkright et al., 2003; Ravnskjaer et al., 2007) . CRTC1, the most abundant isoform in neurons, mediates the synergistic effect of calcium and cAMP signals on CREBdependent transcription and long-term potentiation (LTP) (Kovács et al., 2007) . CRTC activation by Ca 2ϩ and cAMP signals involves its dephosphorylation by the calcium-dependent phosphatase PP2B/calcineurin and cAMP-mediated inhibition of saltinducible kinases 1/2 (SIK-1/2) (Bittinger et al., 2004; Screaton et al., 2004; S. Li et al., 2009) . Consistent with its role on CREB activation, CRTC1 has been implicated in neuronal dendritic growth, long-term synaptic plasticity, and glucose metabolism (Zhou et al., 2006; Kovács et al., 2007; Altarejos et al., 2008; S. Li et al., 2009) .
Whereas the function of CRTC1 on neuronal morphology and plasticity is well established, its role on activity-dependent gene transcription required for memory remains unknown. In this study, we demonstrate that A␤ negatively regulates CRTC1 activation in cultured primary neurons and brain from APP Sw,Ind transgenic mice, resulting in a selective and differential disruption of CREB-dependent genes required for hippocampaldependent memory.
Materials and Methods
Plasmids and antibodies. Mouse CRTC1-myc, Flag-CRTC2, CREB, CREB R314A, CBP-HA, and p300-HA cloned in pcDNA were previously described (Janknecht et al., 1998; Conkright et al., 2003; Screaton et al., 2004; Kovács et al., 2007) . Mouse calcineurin lacking functional CaMbinding and autoinhibitory domains (⌬CnA) was cloned in the CMVTag 4A plasmid (O'Keefe et al., 1992) . pCRE-luc and TK-Renilla plasmids were purchased from Stratagene and Promega. The CRTC1 S151A mutant was generated from pcDNA3-CRTC1-myc by standard site-directed mutagenesis protocols (Stratagene) with the following forward and reverse primers: 5Ј-GGAGGAGGACCAACGCTGACTCTG-CCCTG-3Ј and 5Ј-CAGGGCAGAGTCAGCGTTGGTCCTCCTCC-3Ј.
Rabbit phospho-Ser151 CRTC1 antibody was generated by immunizing two rabbits with KLH-conjugated ADTSWRRTN(pS)DSALHQSTMT peptide corresponding to mouse/human CRTC1 (amino acids 142-161). The CRTC1-pSer151 antiserum was sequentially purified by ammonium sulfate precipitation and affinity purification (EZBiolab). The following antibodies were used: APP/A␤ (6E10; 1:2000; Signet), CRTC1 (1:1000; Cell Signaling Technology), CREB and pSer133 CREB (1:1000; Cell Signaling Technology), Egr-1 (1:500; Santa Cruz Biotechnology), BDNF (1:500; Alomone Labs), c-fos (1:500; Santa Cruz Biotechnology), lamin B1 (1:500; Zymed), calcineurin (1:500; BD Transduction Labs), c-myc (9E10; 1:1000; Santa Cruz Biotechnology), ␤-actin (1:40,000; Abcam), and ␤-tubulin (1:20,000; Sigma-Aldrich).
APP transgenic mice and behavioral test. APP Sw,Ind (line J9) transgenic mice expressing mutant human APP 695 isoform harboring the FADlinked Swedish (K670N/M671L) and Indiana (V717F) mutations under the neuronal PDGF␤ promoter have been previously described (Mucke et al., 2000) . Mice were age-matched littermate males obtained by crossing heterozygous APP Sw,Ind to nontransgenic (WT) mice (C57BL/6 background). The Morris water maze was performed as previously described (Giménez-Llort et al., 2007; España et al., 2010) . Experimenters of the behavioral tests were blind to the genotypes of the mice. Animal procedures were performed in accordance with institutional and national guidelines following approval by the Animal Care and Ethical Committee (CEEAH) of the Universitat Autò noma de Barcelona.
Primary neuronal culture and luciferase reporter assay. Primary neurons were obtained from mouse embryos (E15.5) of heterozygous APP Sw,Ind ϫ nontransgenic crossings. Neurons were dissociated and cultured in Neurobasal medium containing 2% B27, 2 mM glutamine, and 30 mM glucose at a density of 5 ⅐ 10 4 cells/cm 2 in 24-well or 35-60 mm dishes. For luciferase assays, 7-15 d in vitro (DIV) neurons in 24-well dishes were transfected for 24 h with pCRE-luc (0.5 g), TK-Renilla (0.25 g), and vector or the indicated plasmids (0.5 g) by using LipofectAMINE 2000 (Invitrogen). For interference assays, neurons at day 0 were infected with shRNA lentiviral vectors (1-2 transducing units per cell). Neurons were treated at 7 DIV with the indicated reagents before stimulation with vehicle, KCl (30 mM), and/or forskolin (20 M; Sigma) for 4 h. Luciferase activity was measured by triplicate in at least three independent transfections by using the Dual-Luciferase Assay System (Promega) in a Synergy HT luminometer (Bio-Tek).
Lentiviral shRNA and ChIP. Complementary oligonucleotides for mouse CRTC1 shRNA were as follows: Sh-CRTC1 forward: 5Ј-gatccccGCAGCGTGACAATCGACCTATttcaagagaATAGGTCGATTGTCACGCTGCttttt-3Ј; Sh-CRTC1 reverse: 5Ј-agctaaaaaGCAGCGTGACAATCGACCTATtctcttgaaATAGGTCGATTGTCACGCTGCggg-3Ј. The scramble control oligonucleotides used were as follows: forward 5Ј-gatccccGGCTGGGAATGGTAGTCATttcaagagaATGACTACCATTCCCAGCCttttt-3Ј and reverse: 5Ј-agctaaaaaGGCTGGGAATGGTAGTCATtctcttgaaATGACTACCATTCCCAGCCggg-3Ј. Oligonucleotides were cloned into BglII/HindIII sites of the pSUPER.retro.puro plasmid (OligoEngine). Lentiviral vectors were obtained by digesting EcoR1-ClaI sites from pSUPER-Sh to generate the sequence H1-shRNA that was inserted into pLVTHM vector. Lentiviral particles were generated in HEK293T cells transfected with pLVTHM-Sh, pSPAX2, and pM2G vectors.
For chromatin immunoprecipitation (ChIP) assays, cortical neurons (7 DIV) were treated with vehicle or FSK (20 M) plus KCl (30 mM) for 2 h. Cells were cross-linked with 1% formaldehyde, lysed in ChIP buffer (25 mM HEPES, pH 8.0, 1.5 mM MgCl 2 , 10 mM KCl, 0.1% NP-40, 1 mM DTT, and protease and phosphatase inhibitors) and sonicated. Immunoprecipitations of DNA (2.5 g) were performed overnight with anti-CRTC1 or irrelevant IgG (Cell Signaling Technology). PCR amplification was performed with specific primers for CRE-containing promoters of the genes of interest (supplemental Table 1S , available at www.jneurosci.org as supplemental material).
Biochemical assays. Primary neurons or mouse hippocampi were lysed in 0.5 ml of cold-lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.5% Triton X-100, 1% NP-40, 0.1% SDS, 1 mM Na 3 VO 4 , 50 mM NaF, and 1 mM PMSF) supplemented with protease and phosphatase inhibitors (Roche). For nuclear fractionation, primary neurons were incubated with the indicated reagents, washed twice in cold-PBS, and lysed using a Dounce homogenizer in buffer A (25 mM HEPES, pH 7.4, 250 mM sucrose, 10 mM KCl, 1.5 mM MgCl, 1 mM Na 3 VO 4 , 50 mM NaF, and 1 mM PMSF, supplemented with protease and phosphatase inhibitors). Homogenate was centrifuged (1500 ϫ g) at 4°C for 15 min. The pellet (nuclei) was washed (twice) in buffer A and resuspended and sonicated in lysis buffer (25 mM Tris HCl, pH 7.4, 150 mM NaCl, 1% NP-40, and 10% glycerol) supplemented with protease and phosphatase inhibitors. Proteins were quantified using the BCA protein assay kit (Pierce) and resolved on 8 -12.5% SDS-PAGE gels. Proteins were visualized with the enhanced chemiluminescence ECL kit (PerkinElmer) and quantified with the ImageJ software within a linear range of detection for the ECL reagent (España et al., 2010) . Soluble A␤-derived diffusible ligands (ADDLs) were prepared freshly from synthetic A␤ 1-42 peptides (Bachem) as previously described (Klein, 2002) . The same aggregation protocol was performed on A␤ 42-1 peptides. The aggregated A␤ peptides were negative stained and examined in a JEOL JEM-2011 transmission electron microscope. Human A␤ 1-40 and A␤ 1-40 peptides were measured in conditioned medium using sensitive sandwich ELISA A␤ 1-40 and A␤ 1-42 kits (Wako) (Guardia-Laguarta et al., 2009) .
Calcineurin activity was determined with the calcineurin cellular activity assay kit (Calbiochem). Briefly, mouse brain or cortical neurons were homogenized in lysis buffer (25 mM Tris-HCl, pH 7.5, 0.5 mM dithiothreitol, 50 m EDTA, 50 m EGTA, and 0.2% NP-40). Free phosphate was eliminated using a desalting column, and equal amount of protein was incubated with the calcineurin substrate RII phosphopeptide (1.64 mg/ml) for 30 min at 30°C. The reaction was stopped by adding 100 l of GREEN and fluorescence was measured at 620 nm using a microtiter plate reader.
Immunostaining of primary neurons. Cortical neurons (10 DIV) were fixed in PBS, pH 7.5, containing 4% paraformaldehyde, 4% sucrose, and 50 mM HEPES for 15 min. Cells were incubated in PBS containing 0.1 M glycine, washed in PBS-Tween 0.1% (PBS-T), and permeabilized with PBS-T plus 0.1% Triton X-100. Cells were blocked with PBS-T containing 0.5% normal goat serum, incubated overnight with mouse anti-PSD-95 (1:50; BD Bioscience) and rabbit anti-synapsin I (1:500; Sigma) antibodies, and detected with the Alexa Fluor 488 or 594 secondary antibodies (1:500) and Hoechst 33258 (Invitrogen). Images from control and APP Sw,Ind embryonic neurons (n ϭ 3 per genotype) were analyzed by confocal laser microscopy (Leica TCS SP2 AOBS; Carl Zeiss). For quantitative analyses, acquired neurite images (n Ն 15 per genotype) were analyzed using LAS AF software (Leica Microsystems). Synaptic boutons were defined as being 0.5-2 m in length, twofold to threefold more intense than background staining, and stained for synapsin, PSD-95, or both synaptic markers. The number of boutons was divided by the length of the selected dendrite and density presented as boutons per unit length.
Calcium imaging. Primary cortical neurons grown onto poly-lysinecoated coverslips for 7 d were incubated with the calcium indicator Fura-2/AM (4 M) for 1 h. Coverslips were washed with Krebs buffer containing (in mM) 119 NaCl, 4.75 KCl, 5 NaHCO 3 , 1.2 MgSO 4 , 1.18 KH 2 PO 4 , 1.3 CaCl 2 , 20 HEPES, and 10 glucose, pH 7.4, and mounted in a static chamber at 37°C on an inverted Nikon TE2000U microscope. Cells were excited alternatively at 340 and 380 nm using a monochromator (Cairn Research Limited), and emission light collected at 510 nm every 4 s. Images were acquired by using a 12 bit-CCD ERG ORCA Hamamatsu camera and processed with the Metafluor software (Universal Imaging). When appropriated, cells were treated with KCl (30 mM) and forskolin (20 M). n Ն 15 cells/genotype (n ϭ 3 embryos) were analyzed in each experiment.
Real-time RT-PCR. Total RNA was isolated from mouse primary cortical neurons or hippocampal tissue using the RNeasy Mini Kit (Qiagen). Purified RNA was reverse transcribed using the SuperScript II Reverse Transcriptase Kit (Invitrogen). Briefly, a reaction mix containing 0.25 g of Oligo(dT) primers, 0.5 mM dNTP, 0.45 mM DTT, RNaseOut (10 U), and SuperScript II Reverse Transcriptase (200 U; Invitrogen) was incubated at 25°C for 10 min, 42°C for 60 min, and 72°C for 10 min. Quantitative RT-PCR of a reaction mix containing cDNA (1 l), primer pairs (supplemental Table 1S , available at www.jneurosci.org as supplemental material), and the QuantiMix EASY SYG KIT mix (10 l; Biotools) was performed in an ABI PRISM 7900 Sequence Detector (Applied Biosystems). Data analysis was performed by the comparative ⌬⌬Ct method using the SDS 2.1 software and normalizing to GAPDH.
Statistical analysis. Statistical analysis was performed using one-way ANOVA and Bonferroni post hoc test. The behavioral data were analyzed using two-way ANOVA with repeated measures and Scheffé's S test for post hoc comparisons. Data were shown as the mean Ϯ SEM. Differences with p Ͻ 0.05 were considered significant.
Results

A␤ impairs CRTC1-dependent gene transcription in neurons
To evaluate the possible role of CREB signaling on A␤-induced transcriptional changes underlying memory dysfunction, we first established primary neurons from an ␤-amyloid precursor protein (APP) transgenic mouse (APP Sw,Ind ) that develops agedependent amyloid pathology and memory deficits (Mucke et al., 2000; España et al., 2010) . Cortical neurons from APP Sw,Ind embryos expressed human APP (approximately twofold) and released soluble A␤ 1-40 and A␤ 1-42 peptides without causing gross morphological synaptic changes (supplemental Fig. 1S , available at www.jneurosci.org as supplemental material). Confocal microscopy analysis revealed no significant differences on the number of presynaptic (synapsin), postsynaptic (PSD-95), or active (synapsin/PSD-95) synapses (supplemental Fig. 2S , available at www.jneurosci.org as supplemental material). Since synaptic activity induces efficient expression of immediate-early genes in cortical neurons over the course of 1-3 weeks (Murphy et al., 1991) , we performed CREB transcriptional analysis in neurons at 7-15 DIV in conditions mimicking the effects of neuronal activity, such as increasing intracellular Ca 2ϩ by depolarizing concentrations of KCl (30 mM) or cAMP with the adenylate cyclase activator forskolin (FSK) (Greer and Greenberg, 2008) . Treatment of control neurons with FSK or KCl resulted in ϳ2-and ϳ7-fold increase on CRE-luciferase activity, respectively, whereas their combination induced a synergistic effect (ϳ10-fold) (Fig. 1 A) . Notably, activation of CRE-dependent transcription was unchanged by FSK but was significantly reduced by KCl (ϳ25%) or KCl plus FSK (ϳ50%) in cortical and hippocampal APP Sw,Ind neurons (Fig. 1 A) . Inhibitors of synaptic activity (tetrodotoxin TTX) or calcineurin (FK-506 and cyclosporine) selectively blocked CRE-transcriptional activity induced by Ca 2ϩ and cAMP signals (Fig. 1 A) . Consistent with the idea that CRTC mediates the synergistic effect of cAMP and Ca 2ϩ on CREB-dependent transcription (Screaton et al., 2004) , we found that CRTC1, CRTC2, CBP, or p300, but not the CREB R314A mutant lacking the CRTC binding domain (Screaton et al., 2004) , potentiated and reversed CRE-transcriptional deficits in APP Sw,Ind neurons (Fig. 1 B) . These results suggested a role of CRTC on altered activityinduced CRE-transcription in APP Sw,Ind neurons. We then focused on CRTC1, the most abundant CRTC isoform in neurons and brain (Kovács et al., 2007; Altarejos et al., 2008) . We generated lentiviral vectors expressing CRTC1 shRNA that decreased significantly CRTC1 (62-75%) and CRE-mediated transcription induced by cAMP and Ca 2ϩ signals (ϳ80%) (Fig. 1C) . To study the biological significance of CREB transcriptional deficits, we analyzed expression of endogenous genes. Genetic inactivation of CRTC1 by shRNA and gene ChIP analyses demonstrated that CRTC1 is recruited to and activates CRE-containing promoters of several genes, including c-fos, Bdnf IV, and Nr4a2 but not Cyr61 (Fig. 1 D, E) . Interestingly, induced expression of endogenous CRTC1-dependent genes related to synaptic plasticity and memory such as c-fos, Bdnf IV, and Nr4a2 (ϳ100-to 1000-fold), but not Cyr61 (ϳ15-fold), a CREB target gene related to proliferation and activated independently of CRTC1 (Ravnskjaer et al., 2007) , was significantly decreased in APP Sw,Ind cortical neurons (Fig. 1 D) .
To test whether A␤ was responsible for mediating the effect of CRTC1 in APP Sw,Ind neurons, we used pharmacological and genetic approaches previously shown to reduce A␤ levels (Saura et al., 2005; Oddo et al., 2006) . Decreasing A␤ with the ␥-secretase inhibitor DAPT or treatment with an anti-A␤ antibody (Ab20.1) reversed significantly CRE-transcriptional deficits in APP Sw,Ind neurons (Fig. 2 A; supplemental Fig. 1S , available at www. jneurosci.org as supplemental material). Surprisingly, affecting only extracellular A␤ by treatment with Ab20.1 reversed only partially CRE-transcriptional deficits. Furthermore, genetic inactivation of PS1/␥-secretase in APP Sw,Ind neurons resulted in normal levels of CRE-transcriptional activity (data not shown). By contrast, media from APP Sw,Ind neurons or soluble globular synthetic A␤ 1-42 oligomers (ADDLs) containing dimers, trimers, hexamers, and dodecamers at concentrations not affecting neuron morphology or viability (1-20 M) (Klein, 2002) , but not A␤ 1-42 monomers or A␤ 42-1 peptides submitted to the aggregation protocol, reduced significantly CREB-dependent transcription in a dose-dependent manner (Fig. 2 B, C) . These results suggested that A␤ negatively affects activity-induced CRTC1-dependent transcription in primary neurons.
Calcineurin-dependent CRTC1 dephosphorylation and activation are impaired in APP Sw,Ind mice The inhibitory effect of calcineurin inhibitors, the CREB R314R mutant, and CRTC1 shRNA on CRTC1 transcription (Fig. 1 A, B) prompted us to examine the role of A␤ on calcineurin-mediated CRTC1 activation. Surprisingly, whereas both staurosporine (STS), at doses reported to inhibit SIK and promoting CRTC2 activation [10 nM (Ravnskjaer et al., 2007) ], and the active calcineurin mutant ⌬CnA (O'Keefe et al., 1992) potentiated CRTC1-dependent transcription, only expression of ⌬CnA reversed efficiently transcriptional deficits in APP Sw,Ind neurons (Fig. 3A) . Biochemical and quantitative analyses revealed that FSK/KCl-induced CRTC1 dephosphorylation was significantly reduced in APP Sw,Ind neurons in total and nuclear lysates ( p Ͻ 0.01). Levels of total CRTC1 (WT: 1.0 Ϯ 0.4 vs APP Sw,Ind : 0.86 Ϯ 0.14-fold), CREB (WT: 1.0 Ϯ 0.1 vs APP Sw,Ind : 0.9 Ϯ 0.4-fold), or phosphorylated CREB (WT: 1.8 Ϯ 0.6 vs APP Sw,Ind : 2.0 Ϯ 0.3- fold) were unchanged in APP Sw,Ind neurons (Fig. 3B) . To study the biological significance of CRTC1 phosphorylation at Ser151, a phosphorylation site equivalent to CRTC2 Ser 171 (Altarejos et al., 2008) , we developed a phosphoSer151-specific CRTC1 antiserum that recognized the endogenous and overexpressed phosphorylated CRTC1 but not a phosphorylation-defective CRTC1 S151A mutant or CRTC2 (Fig. 3C; data not shown) . Notably, CRTC1 phosphorylation at Ser151 was significantly increased (ϳ2-fold) in the hippocampus of APP Sw,Ind mice (Fig.  3D) . Moreover, both CRTC1 and the active CRTC1 S151A mutant enhanced and reversed CREB transcriptional deficits in APP Swe,Ind neurons (Fig. 3E) . These results strongly suggested a deficit on calcineurin-mediated CRTC1 dephosphorylation in neurons and brain of APP Sw,Ind mice.
A␤ reduces calcineurin activity by disrupting Ca
2؉ influx through L-type calcium channels Because calcineurin requires Ca 2ϩ for its activation, we next examined the effect of Ca 2ϩ signaling disruption on CRTC1-mediated transcription. Blockers of intracellular Ca 2ϩ (BAPTA), Ca 2ϩ influx (EGTA), and Ca 2ϩ mobilization from endoplasmic reticulum (thapsigargin) significantly reduced CRTC1-dependent transcription in cortical neurons (supplemental Fig. 3S , available at www. jneurosci.org as supplemental material). Indeed, calcineurin activity was significantly reduced in hippocampal (ϳ 25%) and cortical (ϳ40%) neurons and adult brain (ϳ47%) from APP Sw,Ind mice (Fig. 4A) . Western blotting analysis revealed unchanged levels of the calcineurin calmodulinbinding catalytic and Ca 2ϩ -binding subunits in APP Sw,Ind neurons (Fig. 4 B) . We then measured cytosolic calcium concentration changes elicited by depolarization and cAMP, which are mediated by Ca 2ϩ influx from L-type voltage-gated calcium channels (VGCCs) and Ca 2ϩ mobilization from intracellular stores. Accordingly, Ca 2ϩ imaging experiments showed that the amplitude of Ca 2ϩ changes elicited by FSK/KCl treatment was significantly reduced in APP Sw,Ind neurons (Fig. 4C) . Similar percentage of control and APP Sw,Ind neurons responded to treatment.
L-type VGCCs greatly contribute to Ca 2ϩ -induced gene expression in hippocampal neurons (Murphy et al., 1991; Mintz et al., 1992; West et al., 2001; Cohen and Greenberg, 2008) . Indeed, blockers of postsynaptic L-type (verapamil and nimodipine) or presynaptic N/P/Q-type (-conotoxin) VGCCs, but not AMPA (CNQX) or NMDA (MK-801) antagonists, reduced and occluded the effect of cAMP/Ca 2ϩ on CRTC1 transcription in control and APP Sw,Ind neurons, respectively (Fig. 4 D; supplemental Fig. 3S , available at www.jneurosci.org as supplemental material). Accordingly, the specific L-type Ca 2ϩ channel agonists BayK-8644, FPL 64176, and nefiracetam activated and reversed CREB transcriptional deficits in APP Sw,Ind neurons (Fig. 4E) . Altogether, these results demonstrated that deficient calcium influx through L-type VGCCs was directly involved in disruption of CRTC1-dependent transcription in APP Sw,Ind neurons.
Disruption of CRTC1-dependent gene expression is associated with hippocampal-dependent memory deficits in APP Swe,Ind transgenic mice
Having seen the critical role of A␤ on CRTC1-mediated transcription, we finally analyzed its effect on memory deficits in APP Sw,Ind transgenic mice at an age (6 months) coinciding with initial A␤40/A␤42 accumulation (Mucke et al., 2000; España et al., 2010 ) (data not shown). We used the Morris water maze, a spatial memory task that induces expression of immediate early genes 0.5-1 h after training (Guzowski et al., 2001 ). Six-monthold APP Sw,Ind mice required significantly longer latencies and distances to locate the platform during training (two-way ANOVA; latencies: genotype effect, F (1,50) ϭ 19.9; day effect, F (4,50) ϭ 31.6; p Ͻ 0.0001). In the probe trial, APP Sw,Ind mice spent significantly less time searching and crossing the target platform than controls (genotype effect: F (1,40) ϭ 5.6; quadrant effect: F (3,40) ϭ 6.1, p Ͻ 0.002) (Fig. 5A and data not shown) . Quantitative real-time RT-PCR analysis revealed a selective reduction of CREB target genes regulated by CRTC1 related to 25 g) , and empty or calcineurin ⌬CnA plasmids (0.5 g). When indicated, neurons were treated with vehicle or STS (10 nM). B, Western blot images and quantitative analyses of CRTC1, CREB, and pCREB (Ser133) in total and nuclear lysates from control (WT) and APP Sw,Ind neurons (n Ն 3). The lower migrating band corresponding to dephosphorylated CRTC1 (top blot, upper graph) and nuclear CRTC1 levels (bottom blot and graph) are significantly decreased in APP Sw,Ind neurons stimulated with FSK/KCl for 30 min. In these conditions, pCREB is similarly increased in WT and APP Sw,Ind neurons (middle graph). C, Western blot showing that the anti-pSer151 CRTC1 antibody recognizes mouse pCRTC1 but not the CRTC1 S151A mutant expressed in HEK 293T cells. D, Western blot analysis of phosphorylated CRTC1 (Ser151) in hippocampal lysates from WT and APP Sw,Ind mice at 6 months of age (n ϭ 6 -8 per genotype). E, Expression of CRTC1 and CRTC1 S151A reverses CRE-transcriptional deficits in APP Sw,Ind neurons. Data represent the mean Ϯ SEM of three independent transfections performed in duplicate. *p Ͻ 0.05, **p Ͻ 0.001, ***p Ͻ 0.0001. memory (c-fos, Bdnf, and Nr4a2) but not to stress (Rgs2) (Fig. 1 ) (Ravnskjaer et al., 2007) and unchanged CREB genes regulated independently of CRTC1 involved in memory processing (Egr1), cell proliferation (Cyr61), or stress (Fosb and Junb) in the hippocampus of trained APP Sw,Ind mice (Fig. 5B,C) . Reduced expression of mRNAs was associated with a significant decreased of c-fos and Bdnf protein levels (Fig. 5D,E) . These results revealed specific disruption of CRTC1-dependent genes coinciding with A␤ accumulation and hippocampal-dependent spatial memory deficits in APP Sw,Ind mice.
Discussion
Gene expression changes in the brain have been suggested to underlie synaptic and cognitive dysfunction during normal and pathological aging (Coleman and Yao, 2003; Berchtold et al., 2008) . The molecular mechanisms underlying gene expression changes during memory impairment are largely unknown. In this study, we identified the transcriptional coactivator CRTC1 as mediating the effect of A␤ on disrupting synaptic coupling to activation of genes required for neuronal plasticity and memory. The temporal coincidence of deregulated CRTC1-dependent transcription and cognitive dysfunction in a mouse model of AD strongly argues for a role of CRTC1 on mediating memory processing in normal and pathological conditions.
The transcription factor CREB is a key contributor to cAMPand calcium-dependent gene transcription during synaptic development and plasticity (Cohen and Greenberg, 2008; Won and Silva, 2008) . CREB signaling requires phosphorylation of CREB on Ser133 by cAMP-and Ca 2ϩ /calmodulin-dependent kinases (Gonzalez and Montminy, 1989; Dash et al., 1991; Sheng et al., 1991) . However, CREB phosphorylation is not sufficient to activate gene transcription (Bito et al., 1996; Zhang et al., 2005) , requiring the coactivators CBP, p300, and CRTC (Chrivia et al., 1993; Conkright et al., 2003; Ravnskjaer et al., 2007) . Our results showing similar increase of CREB phosphorylation by calcium/ cAMP signals in control and APP Sw,Ind cortical neurons is consistent with previous reports demonstrating unchanged CREB phosphorylation by A␤42 in basal or FSK-stimulated mature neurons (Tong et al., 2001; Vitolo et al., 2002; Snyder et al., 2005) . By contrast, CREB phosphorylation is decreased in AD brain (Yamamoto-Sasaki et al., 1999) and oligomeric A␤42 suppresses NMDA-and depolarization-induced CREB phosphorylation in immature neurons (Tong et al., 2001; Ma et al., 2007) , an effect that may be due to cAMP/PKA signaling deregulation (Vitolo et al., 2002) . Indeed, it was previously shown that A␤ alters hippocampal synaptic plasticity, memory, and synapse morphology through cAMP/PKA-dependent CREB signaling, whereas potentiating this pathway reverses those deficits (Gong et al., 2004 (Gong et al., , 2006 Smith et al., 2009) .
Calcium and cAMP signals do not always cooperate to activate gene expression in response to neuronal activity (Belfield et al., 2006) , but they act synergistically on CREB signaling by activating the transcriptional coactivator CRTC (Screaton et al., 2004; Kovács et al., 2007) . Consistently, we found deregulation of CRTC1-dependent CREB transcription and reduced Ca 2ϩ re- sponses by naturally secreted A␤ or synthetic A␤ oligomers. These transcriptional deficits are likely attributable to the direct effect of A␤ on CRTC1 because they were prevented by pharmacological or genetic inhibition of A␤ production or by expressing CRTC1 or CRTC1 S151A but not CREB. Surprisingly, treatment of neurons with Ab20.1 antibody reversed only partially CREtranscriptional deficits, suggesting that both intracellular and extracellular A␤ could contribute to the CRTC1-transcriptional deficits. We therefore propose that deregulation of CRTC1 rather than CREB account for the observed activity-dependent transcriptional deficits in our AD neuronal model.
Our results also provide insights into molecular mechanisms underlying gene expression changes in AD. Activity-dependent gene expression mediated by CREB in excitatory neurons depends on calcium influx through L-type VSCCs or either NMDA or AMPA glutamate receptors (Greer and Greenberg, 2008) . Though L-type VGCCs make a minor contribution to synaptic-induced calcium current, they play a critical role in coupling synaptic stimulation to activation of nuclear gene expression (Murphy et al., 1991; Greer and Greenberg, 2008) . In agreement with this view, we found that depletion of intracellular calcium and blockers of VGCCs, but not NMDA or AMPA receptor antagonists, reduced significantly CRTC1 transcriptional activity in control neurons, whereas they mimicked the transcriptional defects observed in APP Sw,Ind neurons. Our results also agree with previous reports showing that Bdnf, c-fos, Junb, Egr-1, and Fosb are primarily activated by calcium entry through L-type VSCCs rather than NMDA or N-type calcium channels (Murphy et al., 1991; Ghosh et al., 1994) . Studies in mice lacking the Cav1.2 channel suggest a role of L-type Ca 2ϩ channels on NMDAR-independent hippocampal LTP and CREB transcription (Moosmang et al., 2005) . Because A␤ depresses excitatory synaptic transmission through AMPA and NMDA receptors (Snyder et al., 2005; Hsieh et al., 2006; Dewachter et al., 2009 ), one possibility is that A␤ modulates differentially glutamatergic signaling depending on its levels (Puzzo et al., 2008) .
The finding that agonists of L-type Ca 2ϩ channels reversed the CREB transcriptional deficits in APP Sw,Ind cortical neurons strongly implicates altered calcium influx through these channels on the A␤-induced CRTC1 transcriptional deficits. Indeed, calcium imaging analysis demonstrated decreased intracellular Ca 2ϩ mobilization in response to depolarization and cAMP signals in APP Sw,Ind neurons. Although toxic A␤ is known to elevate Ca 2ϩ responses, A␤ reduces P/Q-type calcium currents and spontaneous Ca 2ϩ responses in ϳ30% of cortical neurons in APP mice (Busche et al., 2008; Nimmrich et al., 2008) . One of the consequences of reduced calcium responses by A␤ may be an impairment of calcineurin activity (Fig. 4) (Lian et al., 2001; Celsi et al., 2007) , which in turn may result in decreased L-type Ca 2ϩ channel function (Norris et al., 2002; Tandan et al., 2009 ). Consistent with an essential role of calcineurin on depolarizationinduced CREB-dependent transcription and CRTC1 function (Kingsbury et al., 2007; Kovács et al., 2007) , CREB transcriptional activity and CRTC1 dephosphorylation induced by calcium and cAMP signals were fully blocked by calcineurin inhibitors, whereas the active ⌬CnA mutant efficiently reversed the transcriptional deficits in APP Sw,Ind neurons. In support of a role of altered dephosphorylation of CRTC1 on CRE-transcriptional deficits, we found that SIK inhibition was unable to reverse efficiently CREB transcription or CRTC1 dephosphorylation in APP Sw,Ind neurons. Other explanations for reduced calcium responses induced by depolarization and forskolin in APP Sw,Ind neurons, including deficient PKA-mediated L-type Ca 2ϩ channel function, cannot be ruled out (Vitolo et al., 2002; Davare and Hell, 2003) .
It has been postulated that activity-dependent gene expression plays an essential role in plasticity mechanisms required for memory processing (Guzowski et al., 2005) . Neuronal activity and memory training induce expression of Bdnf, c-fos, Junb, Figure 5 . Reduced CRTC1-dependent CREB target genes in the hippocampus of cognitive impaired APP Sw,Ind mice. A, APP Sw,Ind transgenic mice display learning and spatial memory deficits in the Morris water maze. Six-month-old littermate APP Sw,Ind and nontransgenic control mice (n ϭ 6 per genotype) were trained in the MWM for 5 d. APP Sw,Ind mice learnt the task but they required significantly longer latencies to locate the platform (two-way ANOVA; latencies: genotype effect, F (1,50) ϭ 19.9; day effect, F (4,50) ϭ 31.6; p Ͻ 0.0001). In the probe trial, APP Sw,Ind transgenic mice spent significantly less time searching and crossing the target quadrant (TQ) platform location than nontransgenic controls. Data represent the mean Ϯ SEM. *p Ͻ 0.05, compared to the same day during training or the rest of quadrants during the probe trial. OP, Opposite platform; AR, adjacent right platform; AL, adjacent left platform. B, Quantitative analysis of hippocampal mRNA of CREB target genes by real-time RT-PCR. Values were normalized to GAPDH. n ϭ 4 -5 per genotype. C, PCR analysis showing differential expression of CRTC1 target genes in the hippocampus of APP Sw,Ind mice compared to controls. Bdnf refers to Bdnf IV. D, Western blot images showing reduction of c-fos and Bdnf but not Egr1 in the hippocampus of APP Sw,Ind mice. E, Quantitative analysis of c-fos, Bdnf, and Egr1 protein levels in hippocampus of 6-month-old WT and APP Sw,Ind mice. Data represent the mean Ϯ SEM. *p Ͻ 0.05.
Egr-1, and Fosb (Murphy et al., 1991; Worley et al., 1993; Guzowski et al., 2001) . Notably, we found that deregulation on CRTC1-dependent genes, including c-fos, Bdnf, and Nr4a2, coincided with the first long-term spatial memory deficits in APP Sw,Ind mice (España et al., 2010) , suggesting that these events are tightly linked early in the disease process. Notably, reduced c-fos levels were recently associated with learning and memory deficits in APP transgenic mice (Palop et al., 2003; Dewachter et al., 2009 ), whereas BDNF is decreased in brains of AD patients and transgenic mice (Phillips et al., 1991; Dickey et al., 2003; Palop et al., 2003) . In this regard, Bdnf IV, which is induced by calcium influx during neuronal activity and is downregulated by A␤ (Tong et al., 2001; Garzon and Fahnestock, 2007) , is particularly important. Our finding that disruption of Bdnf IV and c-fos expression is mediated by deregulation of CRTC1 in APP transgenic mice provides the first reported molecular mechanism underlying deregulation of c-fos and BDNF signaling in AD.
In conclusion, our finding that A␤ disrupts expression of CRTC1 target genes essential for memory processing provides a potential mechanism contributing to cognitive decline in AD. These results may have important therapeutic implications in AD. Indeed, reduced levels of BDNF in CSF were recently associated with age-related cognitive decline (G. , whereas BDNF exerts substantial protective effects on neuronal survival and memory circuits in rodent and primate models of AD (Nagahara et al., 2009) . Similarly, neural stem cells transplanted in the hippocampus of 3xTg-AD mice enhance synaptic density and improve cognitive function through BDNF (BlurtonJones et al., 2009 ). Importantly, agents that activate the PKA/ CREB signaling pathway, such as rolipram, ameliorate hippocampal-dependent memory deficits and synapse loss in APP transgenic mice (Gong et al., 2004; Smith et al., 2009) . Therefore, understanding the molecular mechanisms regulating CRTC1-dependent signaling and gene responses to therapeutic drugs may provide new targets for memory enhancement in cognitive disorders.
